INTRODUCTION
The K-Ar dating method is based on the radioactive decay of 40 K contained in minerals and rocks to the noble gas isotope 40 Ar (usually designated as 40 Ar*) (Aldrich and Nier, 1948; Schaeffer and Zähringer, 1966) . The abundance of the parent radionuclide 40 K in sedimentary, magmatic and metamorphic minerals and rocks and the relatively slow decay rate of potassium (T 1/2 = 1.277 ¥ 10 9 yr -1 ) make K-Ar method among the most versatile of all radioisotope geochronometers. It is suitable for dating geological materials ranging in age from several thousands to several billions of years (Renne, 2000; Kelley, 2002; Gillot et al., 2006) . K-Ar has been used to calibrate most of the Phanerozoic period of the Geological time-scale (Odin, 1994) , including that of geomagnetic polar reversals (Gillot et al., 1979) ; dating volcanic activities in relation with the appearance of Homo the activity of 40 K. Transformation of the measured activity into mass of 40 K allows to calculate the concentration of K and consequently the wt% of K 2 O by using the natural isotopic abundance of K. This is the opposite way of the traditional AAS method.
SAMPLES AND EXPERIMENTS
A gamma-ray spectrometer equipped with a High Purity Germanium (HPGe) well detector and high-performance, Digital Signal Processing ORTEC® DSPEC jr. 2.0 installed at GEOTOP-UQAM was used to measure 40 K in standards and natural samples. The HPGe is a welltype detector, where the sample is inserted into a well or hole in the detector. This geometry almost surrounds the sample with active detection volume. The internal volume of the well is around 7.5 cc. The detector has a lowbackground lead shield (4-inches thick).
To calibrate the efficiency of the gamma-ray spectrometer we used 5 international standards distrib- (Govindaraju, 1994 (Govindaraju, , 1995 Gillot et al., 1992) . K 2 O contents for these geostandards are reported in Supplementary Table S1 .
The choice of measuring potassium in different Kbearing minerals was decided to test whether the gammaray counting response was influenced by the crystalline structure and symmetry (matrix density; Oczkowski, 2001) . For each standard the efficiency (termed eff; Table S1) of the Ge-detector was calculated as follows:
Where cpm std is the measured number of counts per minute for the standard sample at the energy peak of 40 K (~1461 keV; Supplementary Fig. S1 ). AbsA std is the theoretical activity (in counts per minutes) for the same standard sample, calculated by transforming the wt% of K 2 O and using the natural isotopic abundance of K: consequently, the coefficient eff is unitless.
Nineteen natural volcanic samples from Djibouti (Afar), Reunion Island (Indian Ocean), the Ischia Island, Pantelleria Island and the Roccamonfina volcano (Italy), were selected for measuring the K content by gamma-ray spectrometry (Supplementary Table S2 ). The amount of K 2 O, which ranges from 0.34 to 16.8 wt% was previously measured by atomic absorption spectrometry (AAS) following standard procedures developed at the Laboratoire de Géochronologie Multi-Techniques of Paris Sud University (unpublished data of LGMT laboratory; Gillot et al., 1982; Rouchon et al., 2008) .
6-8 grams of standard sample and 8-9 grams of natural sample were loaded into 7.5 cc volume plastic vials fitted for the HPGe well detector. All samples are sieved and washed grains with granulometry ranging from 18 to 300 mm (for geostandards) and 125-250 mm (for natural samples). Counting time varied depending on the K 2 O content in order to provide adequate counts for the peaks of interest. It usually ranged between 21 hours for sample with K 2 O of 5-17 wt% to 75-140 hours for samples with K 2 O of less than 0.6 wt% ( Table S1 ). The activity of 40 K was directly measured on the energy peak at 1461 keV and converted to wt% concentration using the equation: Where Peak is the number of counts per minute for 40 K peak at 1461 keV, M is the molar mass of 40 K (39.9639987 g/mol), BAr is the 40 K branching ratio (0.1067), eff is the efficiency of the detector calculated from the known standard and Eq. (1), Ma is activity in disintegration per minute of one mole of 40 K, NIA is natural isotopic abundance of 40 K (0.0117%), P is the proportion of K in K 2 O (0.83) and m is the mass of sample in grams. An empty plastic vial was charged into the well detector and counted for one week to calculate the total background at the energy of 1461 KeV. The total background was estimated at 0.062 dpm and it represents in average 1.2 to 1.7 % of the total counting of geostandards and natural samples. This background was systematically subtracted in the calculation of the 40 K activity.
RESULTS AND DISCUSSION
Results of efficiency of the gamma detector for each standard are reported in Table S1 together with the K measured by gamma ray in the volcanic samples (Table  S2 ). The efficiency of the detector is slightly variable between geostandards and ranges from 0.04031 for ISH-G trachyte to 0.04423 for the FK-N sanidine (Table S1 ). The total efficiency calculated as average of the five single efficiency values is 0.0418 ± 0.0018. The measured Table S1 . Statistical results of the robust regression done using Isoplot 3.5 (Ludwig, 2012) are reported.
Fig. 1. Comparison of K 2 O abundances (in wt%) measured by atomic absorption spectroscopy against those measured by gamma ray spectroscopy for 19 natural volcanic glasses (Table S2) calibrated by using different efficiencies calculated using different geostandards as reported in
efficiency of the Ge-detector is from 2 to 4 times higher than those measured at 1461 keV using K standards in older generation Ge-detector gamma ray devices (Nir-El, 1998; Kato and Okamoto, 2008) . The differences in efficiency between geostandards during our calibration could be related to the matrix density or the granulometry of the sample (Oczkowski, 2001 ). These parameters can have an influence in the efficiency of the Ge-detector. Granulometry of the geostandards is variable, between 18 and 317 mm, as measured by a laser-granulometer MICROTRAC Bluewave at GEOTOP, but there is no relation with the eff coefficient and thus size effect can be a e18 D. L. Pinti et al. priori excluded. Neither there is a relation between average densities of the analyzed phases and the eff term of Eq. (2) (described above). There is a very rough relation between the degree of crystallinity of the analyzed geostandards and the measured efficiencies. Indeed amorphous groundmass samples (ISH-G and VS-N) show lower efficiencies between 0.0403 and 0.0410 (Table S1) than mineral phases feldspar (FK-N) and glauconite (GL-O) which show higher efficiencies of 0.0430 to 0.0442 (Table S1 ). These results may reflect some physico-chemical condition of the samples which is difficult to evaluate or quantify.
The 40 K activity measured by gamma ray was translated into K 2 O wt% using Eq. (2) and compared to the K 2 O measured by AAS in Paris Sud University. We decided to apply each of the efficiencies obtained on the different geostandards (Figs. 1a-e) and the average efficiency (Fig. 1f) to all the measured natural samples, to compare the results and test their intrinsic variability. Robust regression and error envelopes were calculated using Isoplot 3.5 (Ludwig, 2012) when comparing the K 2 O amount obtained with the two methodologies, on the natural samples. The results show that K 2 O amounts measured with the two methods are practically identical within uncertainties (Figs. 1a-f) . The best results were obtained when K 2 O measured by gamma ray in natural samples was calculated using the natural glass VS-N eff. Results of the regression line (at 95% confidence) for the samples calibrated against the VS-N eff are: slope = K 2 Og/ K 2 O AAS = 1.040 ± 0.060; x-intercept of 0.14 ± 0.36; and a Mean Square Weighted Deviation (MSWD) of 11.6. Less meaningful relation is that obtained by calibrating the results of natural samples against the eff calculated for the ISH-G trachyte: K 2 Og/K 2 O AAS = 1.174 ± 0.067; xintercept of 0.16 ± 0.41; and a Mean Square Weighted Deviation (MSWD) of 11.6.
The reason why the results are closer to a straight line of slope = 1 when the results of natural samples are calculated with the VS-N eff coefficient is that we are comparing mainly groundmass (i.e., natural volcanic glass matrix) with a very homogeneous (synthetic) glass matrix of similar density and chemical composition. The robust regression for all the samples calibrated against the VS-N eff excluding the sanidine and the leucite is reported in the Supplementary Material (Supplementary Fig.  S2 ). The obtained slope K 2 Og/K 2 O AAS is 1.088 ± 0.081; x-intercept of 0.04 ± 0.36; and a Mean Square Weighted Deviation (MSWD) of 9.8.
CONCLUSIONS
This experimental work demonstrates that Ge-detector gamma ray spectrometers are useful for measuring, in a non-destructive way, the activity of 40 K in natural rock and mineral samples. These analyses can be performed in a reasonable time lapse from a few hours to a few days, depending on the concentration of K 2 O in the rock or mineral. Results obtained by gamma-ray in natural samples of volcanic rocks with K 2 O contents from 0.34 to 16.8 wt% by gamma ray are within a 2s confidence interval identical to those obtained by AAS classical methodology. This experiment opens new opportunities to test an enhanced K-Ar dating method in which the same aliquot of sample can be used for measuring both parent and daughter nuclide abundance. Next step would be to measure 40 K activity and 40 Ar* in relatively heterogeneous (in term of K content) groundmass separates and compare the obtained K-Ar ages with those measured in two separated aliquots, and test their internal consistency.
